A simple and effective method is described for simultaneously measuring dipolar couplings for methine, methylene, and methyl groups in weakly oriented macromolecules. The method is a Jmodulated 3D version of the well-known [ 1 H-13 C] CT-HSQC experiment, from which the J and dipolar information are most accurately extracted by using time-domain fitting in the third, constant-time dimension. For CH 2 -sites, the method generally yields only the sum of the two individual 13 C-1 H couplings. Structure calculations are carried out by minimizing the deviation between the measured sum, and the sum predicted for each methylene on the basis of the structure. For rapidly spinning methyl groups the dipolar contribution to the splitting of the outer 13 C quartet components can be used directly to constrain the orientation of the C-CH 3 bond. Measured sidechain dipolar couplings are in good agreement with an ensemble of NMR structures calculated without use of these couplings. © 1998 Academic Press Key Words: dipolar couplings; molecular alignment; liquid crystal; protein; structure determination; sidechain dynamics; ubiquitin.
If a small degree of macromolecular alignment with the magnetic field is induced either by the molecule's own magnetic susceptibility anisotropy (1) (2) (3) (4) (5) (6) or by using a very dilute liquid crystalline phase (7) (8) (9) , dipolar couplings no longer average to zero. If the alignment is sufficiently weak, the high-resolution character of the NMR spectrum is maintained and the largest (mainly one-bond) dipolar couplings between pairs of atoms manifest themselves as changes in the corresponding J splittings (4-9). For ␣ pairs. These can be measured directly from a 2D 1 H- 13 C correlation spectrum, recorded in the absence of heteronuclear decoupling in either the 1 H or 13 C dimension (8) or, in cases where overlap in such a J-coupled 2D spectrum is too severe, from a 3D triple resonance (HA)CA-(CO)NH experiment without 1 H decoupling during 13 
C
␣ evolution (10) . Another procedure measures the 1 J CH splitting from the intensity modulation in a series of constant-time (CT) 13 C-1 H HSQC spectra, where a J-dephasing time is included in the CT evolution period (11) . Here, we demonstrate that this latter approach is easily adapted to enable measurement of CH 2 and CH 3 couplings and yields highly reproducible results. Although for methylene sites only the sum of the two 1 J CH splittings can be determined reliably in this manner, the change in this sum value between the isotropic and aligned states can be used directly in structure calculations and has a restraining power comparable to that of a single 13 C-1 H dipolar coupling. The pulse scheme of the J-modulated CT-HSQC experiment is shown in Fig. 1 . For methine sites, the observed signal, after Fourier transformation in the t 1 and t 3 dimensions, is simply given by
where A is the intensity of the corresponding resonance in the first 2D spectrum (at t 2 ϭ 0), and J CHk and D CHk refer to the multibond scalar and dipolar interaction between the 13 C and proton k. Note that although J couplings to protons more than 3 bonds away from the 13 C are usually vanishingly small, this does not necessarily apply to the dipolar coupling. However, as J CHk ϩ D CHk is typically much smaller than (4T )
Ϫ1
, where 2T is the duration of the 13 C constant-time evolution period (2T ϭ 1/J CC Ϸ 28 ms), such multi-bond interactions remain unresolved if a Fourier transformation is carried out in the t 2 dimension and merely result in an apparent decay of the signal in the t 2 where J n ϭ
Only the first and last terms on the right-hand side of [2] are transferred back into magnetization observable during t 3 . Assuming that these transfers occur with equal efficiency, and using cos(J 1 t 2 )cos(
Thus, only the outer lines of the methylene triplet are observed if a Fourier transformation with respect to t 2 is carried out, and only the sum of the coupling between the 13 C and its two attached protons can be obtained from this data.
For rapidly spinning methyl groups, the couplings between 13 C and its three attached protons are indistinguishable from one another, and S(F 1 , t 2 , F 3 ) is given by
After t 2 Fourier transformation, the outer quartet components are three times more intense than the inner components and as the frequency of these outer components is three times more sensitive to changes in 1 J CH ϩ 1 D CH than the inner components, the dipolar contributions are derived most accurately from the components modulated by 3( 1 J CH ϩ 1 D CH ). Fourier transformation does not provide the best means for extracting the frequency of a signal that is highly truncated in the time domain. Apodization of the t 2 time domain data, normally used to avoid serious truncation wiggles in the FT spectrum, most attenuates the data points taken at the largest t 2 values, i.e., the points which are most sensitive to the small changes in 1 J CH ϩ 1 D CH of interest. Because the t 2 modulation pattern consists of only one or two cosine functions of known phase, decaying in an approximately Gaussian manner, a more accurate way to obtain the frequencies is to fit the non-apodized time domain data directly using a least-squares procedure. The highest t 2 modulation frequencies occur for methyl groups:
For the small degrees of alignment typically used in liquid crystal protein NMR, these values are invariably smaller than 250 Hz, and a t 2 dwell time as large as 2 ms is adequate to avoid aliasing in this dimension. Considering that the total CT duration is only 28 ms (ϳ1/J CC ), a minimum of only 15 t 2 increments is needed. Note that no
CT-HSQC experiment. Narrow and wide pulses correspond to 90°and 180°flip angles, respectively, with phase x, unless indicated. The shaped 13 C ali pulses (carrier at 43 ppm) are of the hyperbolic secant type, with a squareness level of 3, and a duration of 500 s (20) . The first shaped 13 C ali serves to eliminate offset-dependent phase errors caused by the 180°refocusing pulse. The 13 CЈ 180°pulse is sine-bell shaped and has a duration of 4/⌬␦ (where ⌬␦ is the difference in resonance frequency in Hertz between the 13 C carrier and the center of the carbonyl region). All other pulses are applied at high power. Delay durations, ϭ 1.5 ms; 2T ϭ 28 ms. Phase cycling, 1 ϭ y, Ϫy; 2 ϭ x, x, y, y, Ϫx, Ϫx, Ϫy, Ϫy for negative G 3 gradient; 2 ϭ x, x, Ϫy, Ϫy, Ϫx, Ϫx, y, y for positive G 3 gradient; Rec. ϭ x, Ϫx, y, Ϫy, Ϫx, x, Ϫy, y. All gradients are sine-bell shaped with 25 G/cm at their center. Gradient durations, G 1,2,3,4,5 ϭ 4, 3.5, 3.95, 0.7, 0.3 ms. Quadrature in the t 1 dimension is obtained by coherence transfer pathway selection. The duration of gradient G 3 was carefully tuned in order to maximize magnetization transfer from 13 C to 1 H. For each t 1 duration, two FIDs are acquired, one with a negative polarity of G 3 , and one with a positive polarity. The sum and difference of this pair of FIDs provide the two components of the t 1 quadrature signal (21) .
quadrature detection is used in t 2 . When using least-squares fitting in the t 2 dimension, an even smaller number of increments could be used, but either a systematic search or some other procedure such as the maximum entropy method (12) would be required for obtaining the initial frequency estimates.
The J-modulated CT-HSQC experiment is demonstrated for a 0.7 mM sample of uniformly Fig. 2B . Spectral overlaps which occur in the 2D spectrum between a methyl and methylene, or between a methylene and a methine resonance, can be resolved by the distinctly different t 2 modulation patterns and both sets of couplings can be determined reliably. This is illustrated in Figs. 1C and 1D , which show the t 2 interferograms for the overlapping resonances of Arg H frequencies, the t 2 modulation frequencies have a root-mean-square pairwise difference of less than 0.4 Hz, which is much better than the precision needed to measure the generally much larger dipolar contributions. Analogously, the separation of the weak inner two lines of methyl quartets differs by a rootmean-square deviation of less than 0.3 Hz from one-third of the splitting measured more accurately for the intense outer quartet components.
By taking the difference in modulation frequency at 25°C, where the solution is isotropic, and at 36°C, where the sample is liquid crystalline, accurate dipolar contributions could be measured for 91 (out of 97) aliphatic methine sites, for 100 (out of 111) methylenes, and for 48 (out of 50) methyl groups. (22), with J-modulation curves (t 2 -interferograms) taken at positions obtained from peak-picking the Fourier-transformed spectrum. Interpolation in the F 1 /F 3 dimensions is obtained by extracting a small part of the S(F 1 , t 2 , F 3 ) matrix, centered around the F 1 /F 3 coordinate of interest, followed by inverse FT in F 1 and F 3 , extensive zero-filling, and forward FT in F 1 and F 3 . Frequencies were obtained from the t 2 interferograms by least-squares optimized fitting to a sum of Gaussian-damped cosine functions, where the number of frequency components and their initial frequencies were determined by finding signals in the Fourier transform of the interferogram.
Structure calculation. The procedure used to incorporate the dipolar couplings into the XPLOR-based (14) protein structure calculation has been described previously (15, 16) . In brief, a tetra-atomic pseudomolecule OXYZ is defined where the OX, OY, and OZ bond vectors are orthogonal to one another. The O atom of this molecule is defined at a fixed position in space, away from the protein. An energy penalty function term E dip is defined which accounts for the difference between an observed dipolar coupling, and the one predicted if the orientation of the alignment tensor were to correspond to that of OXYZ. As OXYZ freely reorients, it aligns itself to yield a best fit to the observed couplings during the simulated annealing process.
For methines, E dip is given by
[4a]
For methylenes, where only the sum of D CH1 and D CH2 is measured, E dip is simply given by
[4b]
For tetrahedral methyl groups, rapid rotation scales the . Thus, the threefold larger change in splitting observed for the outer methyl quartet components is exactly opposite to that predicted for a proton located on the C-CH 3 bond vector, at the regular distance removed from the methyl carbon. As all constants related to bond length and gyromagnetic ratios are absorbed in the constants used in the XPLOR routine, no separate pseudoatom needs to be defined and the dipolar contribution to the outer quartet splitting, after multiplication by Ϫ1, can be used directly to constrain the orientation of the C-CH 3 bond.
Effect of internal dynamics. Rapid fluctuations of bond vector orientations relative to the alignment tensor of the macromolecule reduce the magnitude of the dipolar coupling relative to a static bond vector along the time-averaged orientation. This scaling parameter corresponds to the generalized order parameter S, which usually has a large and relatively uniform value in the 0.85-0.95 range for most backbone atoms. However, for sidechains the variation in internal dynamics is much more pronounced (17) , and the measured dipolar splitting only provides a lower limit for the dipolar coupling expected for the time-averaged orientation of such a site. Unless quantitative information on sidechain rigidity is available, we propose it is safest to define the penalty function as a half-open square well,
This is fully analogous to the way in which NOEs are commonly converted only into upper, but not into lower bound distance restraints (18) .
The sum of 1 D CH1 ϩ 1 D CH2 values for tetrahedral methylene groups spans the same range as that of individual 1 D CH couplings. For a uniform distribution of methylene group orientations, the sum of the two methylene dipolar couplings (where both protons have the same spin state) results in a fully asymmetric dipolar coupling powder pattern ( ϭ 1), with its most populated position at zero. When using the square-well definition of Eq. [5] , summed dipolar couplings measured for methylenes are therefore slightly less effective at restraining   FIG. 3 . Plots of one-bond 13 C-1 H dipolar couplings in human ubiquitin calculated on the basis of its structure versus measured couplings, (A) for the backbone 13 C ␣ -1 H ␣ using the crystal structure, and (B) for the aliphatic sidechains using a set of 30 NMR structures calculated without use of sidechain C-H dipolar couplings. The alignment tensor was calculated from a best fit to the dipolar couplings for the 13 C ␣ -1 H ␣ pairs of residues 1-71; residues 33, 37, and 48 were not used because there is further NMR evidence that the conformation of these residues differs in the crystal and solution structures. For methylenes, the sum of the two 1 H-13 C dipolar couplings is presented. For methyl groups, the measured dipolar coupling is multiplied by Ϫ3 (i.e., the change in splitting measured for the outer quartet components multiplied by Ϫ1), so as to correspond to a 13 C-1 H coupling in the C-CH 3 direction (see text).
the structure than an individual 1 D CH value. The latter yields an axially symmetric powder pattern and has a smaller fraction of orientations that yield near-zero couplings. Experiments for measuring individual 1 D CH values for methylene sites are presently being explored. Figure 3A compares the 13 C ␣ -1 H ␣ dipolar couplings measured in ubiquitin with those predicted by its 1.8-Å crystal structure (19) , using an orientation and magnitude of the alignment tensor which minimizes the root-mean-square between measured and predicted couplings. Residues 33, 37, and 48 were excluded in this fit as other dipolar couplings for these residues also give poor agreement with the crystal structure. Using the same alignment tensor, Fig. 3B compares the dipolar couplings measured in ubiquitin with the average dipolar couplings calculated for an ensemble of 30 solution structures, derived without the use of sidechain dipolar couplings. The correlation coefficient for these data (including the two outliers, Lys 27 -C ␥ H 2 and Glu 18 -C ␥ -H 2 ) is 0.85. This is considerably better than for the lowest energy NMR structure alone (R ϭ 0.75), or the crystal structure (R ϭ 0.66) (data not shown), and confirms that the ensemble of NMR structures provides a better representation than any individual structure. However, it is also noteworthy that, on average, the magnitudes of the dipolar couplings measured for the sidechains are only marginally (ϳ10%) smaller than calculated for the static crystal structure. This suggests that for many of the sidechains conformational averaging is perhaps not as extensive as sometimes assumed. A more quantitative analysis of these sidechain dipolar couplings in terms of dynamics is currently underway in our laboratory.
